Abstract. Viscoelastic properties of amorphous solids deformed under uniform shear stress were studied using a kind of sandwich method with utilizing a sensitive optical technique. Time-dependent deformation data were analyzed on the basis of a mechanical model of anelasticity plus viscosity. Experiments were performed to determine the temperature dependence of viscosity for several kinds of inorganic glasses and an amorphous polymer below their glass transition temperatures. Activation energies controlling the relaxational viscosity have been determined.
INTRODUCTION
Viscosity is a typical energy dissipating mechanical property of matter, and is closely related to the microscopic motion of atoms and molecules in materials. Especially in solids, such phenomena as movements of various defects in crystalline solids and the flow of atoms or atomic groups in amorphous materials can be investigated through the study of their viscous properties. When the viscosity of a material 7 is due to some relaxation process with a long relaxation time 7 , the relation q = r M holds where M is the elastic modulus [I] . In other words, we can study the internal friction in the limit of zero-frequency by measuring the viscous properties of materials where very slow relaxation phenomena are concerned. The viscosity of solids is, as in the cases of gases and liquids, primarily defined as the shear stress divided by the time derivative of the shear strain. Therefore, the viscosity measurement for solids should be performed under shear deformation. The authors have developed an experimental method for studying the high viscosity solids deformed in the uniform shear mode [2] . We are interested in the study of structural relaxation in glasses below the glass transition Tg where the relaxation should slowly occur. The viscosity measurements have been made for the case of inorganic glasses [Z-41, and now the study is extended to the case of amorphous polymers.
EXPERIMENTAL METHOD

I n s t r u m e n t a t i o n
The viscosity measurement is made by a kind of sandwich method. The upper and the lower faces of a cubic specimen 1 x 1 x 1 cm in sizes are respectively bonded to fixed and movable test plates. A constant lateral load is applied to the movable plate by a weight and bully. The lateral displacement of the movable plate is measured as a function of time by using the HP-5528A laser measurement system, which utilizes the optical heterodyne interferometric method. The nominal sensitivity of the displacement measurement is 10 nm. All the instruments are set on a rigid optical bench. The temperature of the specimen is varied by a small cylindrical furnace set around the specimen, and is controlled by a PID (proportional integral and differential) unit. The temperature constancy is better than 0.l0C during an experimental run, and the temperature uniformity in the specimen is, for example, better than 1.5"C at 90°C. As for the bonding materials between the specimen and test plates, Aron-Alpha #201 (Toagosei Co., Ltd., Tokyo) or Sauereisen No. P-1 (Sauereisen Cement Co., Ltd., Pittsburg) are used. It has been shown that the deformation mode of the specimen is almost uniform pure shear in the present experimental conditions [2] .
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D a t a analysis
Examples of the raw data for two kinds of glasses are illustrated in Figure 1 where the displacement of the upper test plate is shown as a function of time when a load is applied and then removed. The time dependence of the displacement can be divided into four stages: an instantaneous increase (I) followed by a gradual increase (11) when the load is applied; and an instantaneous decrease (111) followed by a gradual decrease (IV) after the load is removed. Stages (I) and (111) are due to the elastic deformation of the specimen; while a viscoelastic time-dependent deformation of the specimen is observed in stages (11) and (IV), which is the object of our present interest. It is further observed that in stage (11) the displacement firstly increases exponentially and then linearly with time, and in stage (IV) the displacement exponentially decreases. These behaviors are well represented by a combination of anelasticity (mechanical relaxation, short relaxation time) plus viscosity (long relaxation time). By using a mechanical model, a series connection of the Zener's standard linear solid plus a viscous dashpot, the data can be analyzed for obtaining the anelastic relaxation time, the anelastic modulus, and the viscosity of the specimen [2] . By using such an analysis, the anelasticity and the viscosity are separated, and the viscosity can be determined more accurately compared with usual methods in which the anelasticity is ignored. In the present study, only the viscosity is noted.
RESULTS AND DISCUSSION
Viscosity measurement was performed for several kinds of inorganic glasses and also for amorphous polymers below their glass transition temperature Tg. Low-Tg materials were selected as specimens because of restrictions of measuring apparatus. The displacement vs time data as shown in Figure  1 were analyzed, and the viscosity values were obtained as functions of temperature. The measurements were made from room temperature up to a temperature as close as possible to the glass transition. The measured data of temperature dependence of viscosity q are collected in .1 (lo4)). Glass transition temperatures Tg are determined by the DTA (differential thermal analysis) method for the same specimens used in the viscosity experiment, and the number-averaged and weightaveraged molecular weights, M, and M,, of the polymer are determined by a chromatography.
The viscosity measurement was limited to the range shown in the figure. At lower temperatures, the viscosity becomes very large and the deformation of specimen is too small, making reliable measurement impossible. At higher temperatures, the deformation occurs too rapidly even when the smallest load is applied, and it becomes difficult to carry out the measurement. The range of viscosity measurable with our apparatus is rl=108 -lOI3 P a s . Although the temperature range of measurement is rather narrow, we observe a great change in viscosity.
In the data shown above the following characteristics can be seen:
(1) The viscosity markedly increases with decreasing temperature near the glass transition T , and here log7 oc T-' for dl materials (a)-(d).
(2) +he rapid increase of viscosity with decreasing temperature is weakened in lower temperature range for materials (c) and d .
smaller for material (d).
L) (3)
The viscosity value at Tg is around 10 -10' P a s for materials (a)-(c), and is somewhat These features will be considered in the following. The commonly observed rapid change of the viscosity close to Tg can be a thermal activation process with a single relaxation time r and a definite activation energy E. In the case of materials (c) and (d), another activation process with a relaxation time r' and an activation energy E' coexists at lower temperatures. In the latter case, the relation In Figure 2 , the straight lines for (a) and (b) and the curves for (c) and (d) are fitted ones where the method of the above analysis is used. Note that the two-activation energy fit seems to work reasonably well for the latter two materials. It is apparent that there is a great difference between the viscosity vs temperature behaviors for two groups of materials: (a), (b) and (c), (d). The temperature dependence of viscosity is considered to be due to structural relaxation of the materials, and the difference between molecular structures in these two kinds of materials should be noted. Namely, (he characteristic of the second group materials, (c) and (d), is the existence of long molecular chains as the glass forming network. In these materials, the relaxation observed at low temperatures with small activation energies can be due to the existing molecular chains. The molecules or molecular units on the chains may not be in stable states and a relaxation to more stable states on the chain possibly occurs. Meanwhile, all materials (a)-(d) show the relaxation with high activation energy near the glass transition temperature. This relaxation is considered to be essentially related with the glass transition phenomenon where severe structural changes are occurring.
The magnitude of the viscosity of glasses measured by the present experimental method is finally considered. The viscosity values are q= lo6-10' Pa-s at the glass transition Tg. The viscosity of some of the glasses, (AgI)o.5(AgPO~)o.5, was also measured using other experimental methods, the rotation disk viscometer method. This method is well established for measuring the viscosity of low-viscosity materials in a pure shear mode, and the measurable range of the viscosity is 10-I -10' Pa-s. Using this method the shear viscosity measurements were performed from higher temperatures down to the glass transition. The two kinds of data, from the rotation viscometer and our sandwich method, are quite smoothly related [2] . This is a clear experimental certification that the shear viscosity can be measured at the high viscosity region with our experimental method. The viscosity of glasses at
Tg is usually said to be of the order of 1012 Pa-s [5, 6] . However, almost all of the cited data have been determined by another method of viscosity measurement, the beam bending method. In this method, the deformation mode is not so simple as in the sandwich method and rotation method 121. It is considered that the true shear viscosity, which is physically most meaningful, cannot be measured by the beam bending method, but can be measured by the simple shear mode method as used by the present authors.
